Figure S2. Description of Equivalent Circuit Used to Fit EIS
EIS corresponds to the start of discharge (4.2 V) for cycles 0, 2, 10, and 50. In the equivalent circuit model, R Ω is the ohmic resistance, R SEI is the kinetic resistance associated with the electrochemical formation of the solid electrolyte interface (SEI), C SEI is capacitance of the SEI, R CT is the charge transfer resistance of the electrochemical reactions, C dl is the capacitive double layer around the electrodes and W is the warburg impedance associated with mass transport processes in the electrode active materials. 33 Results show R SEI and R Ω remain relatively constant while R CT increases with decreasing cycles.
Figure S3. EIS on Symmetric Coin-Cells
EIS results of symmetric coin cells containing two electrodes of lithium cobalt oxide (circles) or graphite (triangles). In these symmetric cells, one electrode is 0% lithiated while the other electrode is 100% lithiated. Results clearly show most charge transfer impedance comes from LCO. (C,D) Charge transfer resistance from EIS simultaneously measured on same cells. Data was taken after a 2 hour rest for cycles 0, 2, 4, 6, 8, 10, 12, 16, 20, and 30. (A,C) Batteries from supplier PowerStream cycled between 2.7 and 4.2 V with a C/20 cutoff current during the constant voltage charge step.
(B,D) Batteries from supplier LiFun cycled between 2.7 and 4.35 V with a C/20 cutoff current during the constant voltage charge step.
Figure S5. Break-ion of LFP/Graphite Pouch Cells
(A) ToF shift from ultrasonic experiments during the first 30 cycles of graphite/lithium iron phosphate (LFP) pouch cells cycled between 2.5 and 3.65 V. Data was taken after a 2 hour rest for cycles 0, 2, 4, 6, 8, 10, 12, 16, 20, and 30 , and the shift in signal was calculated in reference to the start of discharge of cycle 0.
(B) Charge transfer resistance from EIS simultaneously measured on same cell. (B) ToF shift from simultaneous ultrasonic experiments on same cell.
Tests were conducted using a cell holder which maintained a fixed distance between the transducers. Data indicates ToF increase in Figure 4 is caused by macroscopic changes to the graphite anode which reduce the effective modulus.
Figure S8. Discharge Capacity of Pouch Cells
Discharge capacity of LCO/graphite pouch cells purchased from three separate suppliers: BatterySpace, LiFun, and PowerStream. Data is reported as fractional capacity with respect to cycle 0. Note the different trends in capacity even though all cells exhibit similar trends in ToF shift (Figures 3 and S5 ). This could indicate that ToF shift is providing information about the degree of surface layer formation that cannot be obtained from capacity fade, alone. Unless specified, all experiments were run with BatterySpace cells.
Figure S9. Mercury Intrusion Porosimetry
Mercury intrusion porosimetry of the LCO electrode indicating a spread of pore diameters from ~20 nm to ~5000 nm.
Figure S10. Scanning Electron Microscope Images of Electrodes in Discharged State
(A) Cycle 0.
(B) Cycle 20.
(1) Lithium cobalt oxide electrodes.
(2) Graphite electrodes.
Samples show no obvious signs of particle fracturing/cracking that could lead to decreases in charge transfer resistance. Data for graphite electrode after 10 cycles was not obtained due to improper storage of sample resulting in the presence of extensive surface layers. See Qi et al. 55 for carbon volumes.
The total volumes for states of charge in between well-defined lithiation stages were calculated assuming a weighted average of the volume of each lithiation stage as follows:
The definitions of a, b, V 1 , and V 2 at each SOC are given in Table S1 .
SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Pouch Cell Tests
Simultaneous electrochemical and ultrasonic tests were conducted using commercial lithium-ion battery pouch cells (graphite negative electrode, lithium cobalt oxide positive electrode) with a nominal capacity of 210 mAh (BatterySpace). Cells were cycled using an Ivium n-Stat potentiostat (Ivium Technologies B. V.) at a C/2 rate with constant current charging up to a specified upper voltage limit, held at constant voltage to a C/20 current cutoff, followed by a C/2 constant current discharge to a specified lower voltage limit. The voltage window was changed between different experiments to change the depth of discharge (DoD). Exact voltage windows are reported with the results. Multiple cells were tested at each condition to guarantee reproducibility of results.
While cycling, electrochemical impedance spectroscopy (EIS) measurements were taken at top and bottom of charge for various cycles (e.g., 0, 2, 4, 6, 8, 10) using the Ivium nStat potentiostat. The cells were rested for 2 hours prior to EIS measurement to ensure equilibrium. Measurements were conducted potentiostatically with an amplitude of ±20 mV about open circuit and a frequency range of 100 kHz to 10 mHz. Equivalent circuits were fit to the data using the built-in Ivium software.
For all experiments, the cell was placed inside a custom-built holder and ultrasonic snapshots across the face of the battery were taken every 5 minutes, simultaneous to the cycling and EIS. A schematic and picture of the set-up are shown in Figure S1 . An Epoch 600 ultrasonic pulser-receiver and a Cytec CXAR 16 coaxial switch matrix (Cytec Corporation), both controlled with in-house software, were used to pulse and take data across multiple cells in turn. Ultrasonic pulses were transmitted through the cells using SIUI 2.5 MHz transducers, one for transmit, one for receive. A thin film of SONO 600 ultrasonic gel couplant was applied between each transducer and the battery to provide a clean and strong signal. The received signals were amplified with a gain of 25dB and data collected was over a range of 3-12 µs. The range is in reference to the time when the ultrasonic signal is initially pulsed by the transmitting transducer (T in Figure S1 ).
For each ultrasonic snapshot, the shift in the ToF of the signal was determined using an in-house algorithm (see Figure 2 in 32 and subsequent discussion). Before cycling, the off-theshelf batteries were charged at a C/2 rate to a cutoff voltage, held at the cutoff voltage until a C/20 cutoff current, and then rested for 2 hours. The ultrasonic signal after the 2-hour rest was used as the reference signal. The shift in all subsequent ultrasonic signals was determined with respect to this signal using a cross correlation function.
Along with the EIS studies, three LCO pouch cells were cycled using a Neware BTS3000 battery cycler at a C/2 rate between 2.7 and 4.2 V with a constant voltage charge step at 4.2 V to a C/10 cutoff current (cycler's low limit). The full cell thicknesses were measured periodically using a digital micrometer . Measurements were taken at four points on each battery, and the average is reported herein. In addition, three separate batteries were cycled under the same conditions while taking simultaneous ultrasonic snapshots. Separate batteries from the same manufacturer were used for the thickness and ultrasonic ToF measurements to ensure no errors arose in the ToF data that could be caused by constantly removing the battery from the ultrasonic holder to measure their thicknesses. Both tests were done in triplicate (six total batteries) to ensure reproducibility of the results.
Symmetric Coin Cell Tests
To isolate electrochemical behaviors of the individual battery components (e.g. anode & cathode) the full batteries were disassembled in an Ar filled glovebox, and the internal components were cut into ½" disks, before being rinsed with 1M LiPF 6 and placed into coin cells. The coin cells were made using 2032 casings, dual polypropylene separators, and flooded with 1M LiPF 6 electrolyte. Two sets of symmetric coin-cells were fabricated, one set of anode/anode (graphite/graphite) and one set of cathode/cathode (LCO/LCO). Each coin cell was fabricated with one fully lithiated and one fully delithiated electrode, where the electrodes were obtained from pouch cells charged to 4.2 V and discharged to 2.7 V, respectively. EIS measurements were taken on the as-assembled cells.
Mercury Intrusion Porosimetry
Mercury intrusion porosimetry was performed on LCO electrodes (Batteryspace.com) in the discharged state using a Micrometrics Autopore V. To obtain the appropriate intrusion volume, 18 electrodes were directly placed in a solid penetrometer bulb with a stem volume of 0.392 mL. Intrusion pressures were increased from 0.5 to 30,000 psia.
Scanning Electron Microscopy
Four LCO/graphite pouch cells (Batteryspace.com) were cycled using a Neware BTS3000 battery cycler at a C/2 rate between 2.7 and 4.2 V with a constant voltage charge step at 4.2 V to a C/10 cutoff current (cycler's low limit). Each cell was cycled for 0, 5, 10, and 20 cycles. After cycling, all cells were disassembled in the discharged state in a glove box and the electrodes were rinsed in dimethyl carbonate. SEM images of the electrodes were taken using a XL30 FEG-SEM at the PRISM Image and Analysis Center. Two locations on three separate electrodes (total of six images) were imaged for each cell. Particle size and particle density of each electrode was manually counted using ImageJ software.
